Background: Osteochondral lesions of the talar dome (OLTs) involve the articular cartilage and subchondral bone. The subchondral bone plate (SBP) plays a crucial role in cartilage metabolism, and computed tomography (CT) can provide more precise information on subchondral bone. CT image prediction of the histological findings on OLT will be useful to determine the most appropriate therapeutic strategy.
For patients with symptomatic OLTs, various treatments are conducted to diminish symptoms, such as pain and swelling, and to recover function. 9, 22, 29 Nonsurgical treatment, including restricted activity and/or nonsteroidal antiinflammatory drugs, can relieve symptoms, with a success rate of 49.1%. However, the beneficial alleviatory effect on the symptoms endures for only the short term, and physiological healing of the OLT is not achieved, resulting in subsequent recurrence of the symptoms. 20, 29 To obtain biological healing of the OLT, surgical treatments are conducted as repair or replacement strategies. The surgical procedure depends on the size, location, and stability of the lesion, as well as the extent of cartilage damage and the condition of subchondral bone. Based on this information, the appropriate surgical treatment is determined, such as bone marrow stimulation, fixation of the osteochondral fragment, autologous or allograft osteochondral transplantation, and autologous chondrocyte implantation. 6, 10, 21, 26 Among these procedures, fixation of the osteochondral fragment can anatomically restore the articular cartilage surface, and the decision of whether to perform it depends on the size of the lesion and the condition of the articular surface. For a stable lesion, drilling is also effective to achieve bone union between the fragment and its bed, and this procedure can restore the anatomic articular surface. The condition of articular cartilage is evaluated arthroscopically, which means that only the surface of the articular cartilage can be explored; the degree of degeneration in all layers of cartilage cannot be determined.
To interpret the condition of the lesion, the usefulness of magnetic resonance imaging (MRI) has been reported. 4, 5, 16 However, MRI might over-or underestimate the staging of OLT owing to bone edema and thinning of the articular cartilage. 5, 15, 19 Computed tomography (CT) can provide more precise information than MRI on the subchondral bone, such as bone sclerosis, absorption, and cystic lesion. However, the condition of the articular cartilage is not depicted in CT images. A previous study showed the relationship between the subchondral bone condition in CT images and arthroscopic findings, but it was evaluated by only the arthroscopic findings. 19 The subchondral bone plate (SBP) plays a crucial role in cartilage metabolism. 3, 17, 23, 24 Therefore, a damaged SBP no longer maintains cartilage homeostasis, subsequently leading to loss of proteoglycan and glycoprotein. Abnormal appearance of the subchondral bone includes bone absorption and sclerosis, and these characteristic signs in the CT might compose the essential histological phenomenon caused by bone metabolism. Considering that the condition of the subchondral bone affects the articular cartilage, CT might be the best modality to obtain vital information about the condition of articular cartilage and subchondral bone in OLT, if the status of the subchondral bone reflects the degeneration of the articular cartilage. Therefore, the relationship among the unique features of the CT findings, arthroscopic findings, and histological findings of the articular cartilage should be explored. We hypothesized that the features of preoperative CT findings, such as bone absorption and sclerosis, would correlate to histological findings in OLT, especially the cartilage degeneration. The purpose of this study was to determine these unique features, which correlate to the condition of the articular cartilage in OLT. We retrospectively reviewed patients with OLT who were treated surgically by fixation or excision of the osteochondral fragment, and we compared the features of preoperative CT and arthroscopic findings in each surgical procedure. Moreover, the relationship between the preoperative CT and histological findings in OLT was evaluated.
METHODS
We retrospectively reviewed 58 ankles in 57 patients who had been diagnosed with OLT and treated surgically in our hospital between January 2008 and January 2017.
Patients with an osteoarthritic change of the ankle joint and a systemic disease (eg, rheumatoid arthritis) were excluded from this study. Twenty-eight ankles were excluded because they were diagnosed as OLT with osteoarthritic change or they did not have preoperative CT scans. Subsequently, 30 ankles in 29 patients were included in this study. All of these ankles had stage 3 OLT per the CT classification of Ferkel 7 and underwent preoperative CT and MRI. The patients consisted of 20 males and 9 females, with a mean age of 19.3 years (range, 12-41 years). One patient was affected in both ankle joints. Biopsy specimens were obtained from 13 patients during surgery. This study was approved by the local ethical committee of our university, and informed consent was obtained from all individual participants included in the study.
CT Evaluation
CT scans of the involved ankle were taken within 1 week before surgical treatment in all patients. CT images in the coronal, sagittal, and axial planes were obtained with a multi-detector row CT scanner (LightSpeed QX/I; General Electric Medical Systems). With the patient placed in a supine neutral position, 3-dimensional volume data sets of the ankle were obtained. The scan parameter included a 512 3 512 matrix, 0°gantry tilt, 1.25-mm prospective slice thickness, table speed of 3.75-mm per rotation (multihelical pitch of 3), 0.8-second gantry rotation, 120 kV (peak), and 120 to 200 mA. After this, 2-dimensional images were reconstructed with a 25-cm field of volume, 1.25-mm retrospective slice thickness, and 0.63-mm overlap. The total table motion was 30 to 40 cm, and finally, 350 to 450 slices were obtained. On coronal and sagittal images, the length of lesion was measured and the area of the lesion calculated. Moreover, bone sclerosis, absorption of the host bone, and remaining SBP of the osteochondral fragment were evaluated ( Figure 1 ).
Arthroscopic Evaluation
All patients underwent arthroscopic surgery. They were placed in a supine position, and standard anterolateral and anteromedial portals were established under joint distraction with an Ankle Distractor (Smith & Nephew). A 2.7-mm 30°o blique arthroscope was used. The arthroscopic evaluation was graded with the arthroscopic surgical rating system by Ferkel et al 8 : A, smooth and intact but soft and ballottable cartilage; B, rough surfaces; C, fibrillations or fissures; D, presence of flaps or exposed bone; E, loose, undisplaced fragment; F, displaced fragment. Moreover, the articular cartilage surface, including the osteochondral fragment and chondral flap, was evaluated by the International Cartilage Repair Society (ICRS) grading system: ICRS grade 0, normal; grade 1, nearly normal-superficial lesions, soft indentation, and/or superficial fissures and cracks; grade 2, abnormallesions extending down to \50% of cartilage depth; grade 3, severely abnormal-cartilage defects extending down .50% of cartilage depth, as well as down to the calcified layer and to, but not through, the subchondral bone; grade 4, severely abnormal-osteochondral injury, lesions extending just through the subchondral bone or deeper defects down into the trabecular bone. 2 The criteria for deciding to preserve or excise the osteochondral fragment were as follows. For osteochondral fragments with ICRS grade 1 or 2 on arthroscopic findings, the fragment was considered to be preserved. In situ drilling was performed for stable lesions and fixation of fragment with absorbable pins for unstable lesions. For fixation of the osteochondral fragment, poly-L-lactide pins (2-mm diameter, GRAMD FIX; Gunze) were inserted into the osteochondral fragment until a rigid and stable construct was obtained. Osteotomy of the medial malleolus was carried out to approach medial lesions. Lesions \150 mm 2 (as measured on preoperative CT) with ICRS grade 3 or 4 osteochondral fragment were excised. Even if the lesion was grade 1 or 2, a small lesion (~50 mm 2 ) was excised. After the excision of the osteochondral fragment, microfracture was performed.
Evaluation of Clinical Outcome
The clinical outcome was assessed with the American Orthopaedic Foot and Ankle Society (AOFAS) Ankle-Hindfoot Scale preoperatively and at the final follow-up. At 1 year postoperatively, MRI scans with use of an enclosed 1.5-or 3.0-T magnet were acquired. One of the authors (Y.T.), who was blinded to all patient information, reviewed MRI scans for articular surface congruity, incorporation of the osteochondral graft, and graft subsidence and stability according to a previous report. 6 
Histological Evaluation
Needle biopsy specimens and excised osteochondral fragments were analyzed histologically. At the time of fixation of the osteochondral fragment, needle biopsy was performed with a 14-gauge biopsy needle (Ostycut; Angiomed/Bard), and a poly-L-lactide 2-mm-diameter pin was inserted into the hole created by the needle biopsy. In cases where the osteochondral fragment was excised as a whole, the fragment then underwent histological analysis. Needle biopsy specimens and excised osteochondral fragments were fixed in 10% formalin for 1 day; then, they were decalcified with 0.25M ETDA in phosphate-buffered saline. After dehydration in graded ethanol, specimens were embedded in paraffin wax.
They were cut sagittally into 5-mm-thick pieces and stained with hematoxylin and eosin and safranin O/fast green. Sections were evaluated with the Mankin scale. 18 Histological CT findings were compared with the sites where specimens were harvested, and the relationship between cartilage degeneration and the CT findings was evaluated.
Statistical Analysis
Statistical differences between the 2 groups were calculated with the Mann-Whitney U test. A P value \.05 was considered significant.
RESULTS
Of the 30 ankles, the osteochondral fragment of 19 ankles could be preserved (preservation group). The osteochondral fragment of 13 ankles from this group underwent fixation owing to having unstable lesions. Three cases underwent antegrade transmalleolar drilling, and retrograde drilling was performed on 3 ankles because of stable lesions. Excision of the osteochondral fragment with bone marrow stimulation was performed on 11 ankles (excision group). The mean age in the preservation group was 16.0 years (range, 12-34 years) versus 24.9 years (range, 16-41 years) in the excision group. There was a significant difference in age between the groups (P \ .01). In the preservation group, 6 ankles had open physis. Among these patients, 1 patient underwent fixation of the osteochondral fragment, and others underwent drilling. There were no cases of open physis in the excision group.
In preoperative CT images, the area of lesion was 124. 3 ) in the excision group. There were significant differences between groups (P \ .05). As for the depth of the lesion, there was no significant difference between groups. Concerning lesion appearance on CT images, the rate of absorption of the SBP in the preservation group was lower than that in the excision group (27.3% vs 81.8%). As for the lesion bed, bed absorption in the preservation group was higher than that in the excision group (78.9% vs 18.2%). All cases in the excision group showed bed sclerosis, compared with 42.1% in the preservation group. Patients' demographic and CT findings are summarized in Table 1 . The arthroscopic findings, including the condition of the cartilage surface on the osteochondral fragment, are shown in Tables 2 and 3 . For the ICRS grade, all cases in the preservation group showed grades 1 and 2, while 72.8% of cases in the excision group showed grades 3 and 4. All cases in the excision group showed unstable lesions, but 7 cases in the preservation group showed stable lesions.
In the preservation group, needle biopsy was performed on 9 ankles. Three biopsy specimens were obtained from patient 1, and 2 specimens were obtained from patients 2 and 3. In the excision group, excised osteochondral fragments from 4 ankles were analyzed. The mean Mankin score in the preservation group was 5.7 points (range, 3-9) versus 12.5 points (range, [10] [11] [12] [13] [14] in the excision group. There were 2 separation-type patterns in the samples: whole hyaline cartilage with little fibrous tissue at the separation site and hyaline cartilage with subchondral bone trabeculae. In the former pattern, a microfracture surrounded by ossification nuclei was observed in the deep layers of cartilage just above the separation site (Figure 2 ). In the latter pattern, hyaline cartilage was on the SBP, and the separation site was at the subchondral bone (Figure 3) .
In our series, 8 samples showed separation at the subchondral bone, and 5 showed a deep layer of articular cartilage. The mean Mankin score in the cartilage separation type was 6.4 points (range, 4-9), compared with 8.7 points (range, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] in the subchondral bone separation type. The specimens with disruption of the SBP exhibited cartilage degeneration, and abundant chondrocyte cloning was observed in the articular cartilage of the disrupted SBP ( Figure 4A ).
Ossification nuclei were observed in the deep layer of cartilage, especially around the disappeared or thinning SBP ( Figures 2C, 3C) . Specimens of the hyaline cartilage separation type showed a larger ossification island as compared with the subchondral bone separation type. In 4 specimens from the excised osteochondral fragment, an empty lacuna was observed in the subchondral bone of the osteochondral fragment, but other specimens did not exhibit empty lacuna (Figure 4, C and F) .
The histological evaluation was compared with the CT findings, which had a focus on the condition of the subchondral bone (including bone absorption and sclerosis) in the fragment or its bed. In the excision group, all cases exhibited bone sclerosis in the bed. In the preservation group, 78.9% of cases showed bone absorption in the bed. In cases of bone absorption in the bed but no absorption of SBP in the CT findings, histology showed that the SBP remained, and safranin O staining in the cartilage was slightly reduced ( Figure 5 ). Subchondral trabeculae in the fragment and bed were irregular, and abundant vascularity in the bed was observed. In cases of absorption of the SBP, the SBP was severely disrupted histologically, loss of safranin O staining was severe, and fibrous cartilage increased (Figure 6 ). Irregularity and microfracture of the subchondral bone trabeculae were observed, and debris was deposited into the marrow. Histological and CT findings are summarized in Table 4 .
The clinical results of the patients with .1-year followup were evaluated (preservation group, 17 ankles; excision group, 8 ankles). The mean follow-up duration was 18.8 months (range, 12-42) in the preservation group and 22.5 months (range, 12-37) in the excision group. The mean preoperative AOFAS score in the preservation group significantly improved from 73.3 points (range, 69-77) to 95.9 points (range, 76-100; P \ .01), and that in excision group also significantly improved from 70.8 points (range, 57-83) to 96.9 points (range, 87-100; P \ .01) ( Table 5 ). There was a significant difference of the preoperative AOFAS score between groups, but there was no significant difference of the postoperative AOFAS score. On MRI findings at 1 year in the preservation group, 16 ankles showed good (13 of 17 ankles) or fair (3 of 17 ankles) graft incorporation, and 1 ankle showed poor incorporation. As for the articular cartilage, 14 ankles showed good congruity, and 3 ankles demonstrated slight irregularity with cartilage intact. There was no evidence of graft subsidence. In the preservation group, 1 case required refixation of the osteochondral fragment 2 years after the initial operation owing to poor incorporation of the osteochondral graft and its bed. In this case, the osteochondral fragment was fixed in situ without curettage in the bed, although sclerotic change in the bed occurred. For this case, revision surgery was performed comprising refixation with curettage in the bed and cancellous bone graft.
DISCUSSION
Although the surgical strategies for OLT have been substantially increased, reduction and fixation of the osteochondral fragment should be undertaken to achieve reparation of the native congruent articular surface. 12, 13 Kumai et al 13 reported good clinical results in 89% of 27 ankles treated by fixation of the osteochondral fragment with bone pegs, even though their series contained osteosclerotic changes in the bed. In this procedure, osteosclerotic changes in the bed can be improved by curettage and drilling to induce the blood supply, but there is no procedure to improve the condition of the articular cartilage. Therefore, long-term clinical results of fixation of the osteochondral fragment might depend on the degree of cartilage degeneration at surgery. It is important to find out the histological condition of the cartilage from the available images. We have focused on the CT appearance of the subchondral bone and have evaluated the relationship between the CT and histological findings because the cartilage condition depends on the subchondral bone, according to a previous report. 3, 19, 24 The mechanism of osteochondral fragment development in the talar dome has been described in previous reports, and this may help us to understand the relationship between the CT findings and histopathologic findings. After a trauma of articular cartilage of the talar dome, subchondral bone is also damaged-for example, by microfracture and bone bruise. Impaired healing of the subchondral bone may cause high-pressure fluid flow, through the damaged SBP and into the subchondral bone, to be intermittent because the ankle joint has high congruency. It has been demonstrated that continuous high fluid pressure can lead to osteonecrosis and bone resorption, subsequently forming a lytic lesion. 11, 24, 27 When the fluid pressure decreases, bone resorption stops, and bone remodeling around the lytic lesion occurs, leading to osteogenesis. However, excessive osteogenesis may result in dense bone and sclerotic change, rendering spontaneous bone union between the osteochondral fragment and its bed impossible.
In our current study on OLT, when the osteochondral fragment could be preserved by fixation or drilling, and the CT images showed that there were few cases with SBP absorption. However, almost all of the excision cases showed SBP absorption. Histologically, articular cartilage in ankles with disruption of the SBP exhibited cartilage degeneration. In the early stages, the SBP is disrupted by bone absorption and cartilage degeneration just above the SBP. However, chondrocyte cloning also occurs, which indicates reparative change after cartilage damage, and ossification islands above the disruption site of the SBP were observed in our study. In the separation area at the deep end of the hyaline cartilage, many ossification islands were observed, which might suggest reparative change, leading to bone formation and union. In this phase, OLT might have a reparative ability with low cartilage degeneration and active bone formation, which indicates a repair surgical procedure, such as osteochondral fixation. As this stage progressed in our study, the subchondral bone exhibited abundant empty lacunae, indicating necrotic change and exacerbated articular cartilage degeneration. In this phase, OLT no longer has reparative ability, owing to poor condition of the subchondral bone, and a replacement procedure should be considered. In our series, good clinical results were obtained in both groups, which suggests that our decision for surgical procedures was appropriate. The preservation group especially showed good clinical outcomes, including MRI findings, although 1 case needed revision surgery. This patient finally showed good clinical results after revision surgery of refixation with curettage and bone graft. Our results reveal that interpretation of the subchondral bone in CT can be used to determine treatment.
In the current study, there were 2 separation patterns at the deep cartilage layer or the subchondral bone, as previously described for knee and elbow osteochondritis dissecans. 14, 28 The former pattern was dominant in the early osteochondritis dissecans, and repeated stress to the articular cartilage induces cartilage degeneration and subchondral bone fracture and separation, subsequently developing into the advanced stages of osteochondritis dissecans. 14 Although the number of our specimens obtained during surgery was small, the cases with bed sclerosis and SBP absorption on the CT findings exhibited severe articular degeneration and subchondral bone necrosis. Bed sclerosis means a quite Bedunstable lesion, and bone absorption of the fragment, especially disruption of the SBP, no longer maintains cartilage metabolism, which subsequently results in severe cartilage degeneration. However, a fragment without disruption of the SBP can maintain cartilage metabolism, which means minimal cartilage degeneration (Figure 7 ).
Limitations
There are several limitations of this study. First, the sample size was too small to analyze the correlation between CT and histological findings statistically. Second, 1 biopsy specimen is not necessarily representative of the entire tissue of OLT. Third, this study included patients with a variety of ages. Bone metabolism capacity may vary, depending on age. Moreover, only 6 patients with open physis were included in this study. Hence, further investigation is needed with a larger number of patients and specimens.
CONCLUSION
This study shows the features of CT and histological findings in OLT with an osteochondral fragment. The condition of the SBP affects the cartilage degeneration. CT findings provide important information to help determine the surgical treatment, with either preservation or excision of the osteochondral fragment in OLT. 
